S odium glucose cotransporter 2 (SGLT2) inhibitors are a new class of antihyperglycemic agents that lower blood glucose levels in patients with type 2 diabetes. SGLT2 inhibitors have an insulin-independent mechanism of action, acting to inhibit the reabsorption of glucose in the kidney, which leads to increases in urinary glucose excretion (UGE) in individuals with elevated blood glucose levels (1, 2) . Canagliflozin (3) was the first SGLT2 inhibitor to be approved in the United States to improve glycemic control in adults with type 2 diabetes; it is also approved for this indication in other countries. Another SGLT2 inhibitor, dapagliflozin (4), is approved in the United States and other countries. Empagliflozin has recently been approved in the European Union, and several other SGLT2 inhibitors are in various stages of clinical development (5-8).
Role of the Kidney in Type 2 Diabetes
A key function of the kidney in healthy individuals is to help ensure that the body's energy needs are met during fasting periods through reabsorption of filtered glucose and gluconeogenesis (9). In individuals without type 2 diabetes, the kidneys filter ~180 g of glucose per day; nearly all of this is reabsorbed to maintain normal fasting blood glucose levels, with ≤1% excreted in urine (1) . The majority of this renal glucose reabsorption is mediated by SGLT2, a glucose transport protein found in the early portion of the proximal renal tubule, whereas a smaller amount of renal glucose reabsorption is mediated by SGLT1, a transporter found in the distal segment of the proximal tubule and in the mucosa of the small intestine, where it plays a primary role in intestinal glucose absorption ( Fig. 1 ) (10,11).
Increased blood glucose levels result in an increased amount of glucose being filtered and reabsorbed by the kidney until the renal capacity to reabsorb glucose is reached, at which point excess glucose is excreted in the urine (9). The blood glucose concentration at which this occurs is referred to as the renal threshold for glucose excretion (RT G ).
Studies have found that renal glucose reabsorptive capacity increases in type 2 diabetes (12,13), and this has begun to be recognized as a mechanism that contributes to hyperglycemia (9,14). In patients with type 2 diabetes, increased mean RT G values of up to ∼240 mg/dL have been reported (15,16), which is ∼40-60 mg/dL higher than the commonly reported values of 180-200 mg/dL in healthy subjects (2, 9, 15, 17) . This increase is likely related to increased expression of glucose transporters including SGLT2 (18, 19) . Assuming a typical glomerular filtration rate (GFR) of 90 mL/min and a body weight of 90 kg, it is estimated that the average increase in RT G in patients with type 2 diabetes can result in an amount of additional glucose reabsorption similar to the increased hepatic glucose output observed when the plasma glucose concentration is elevated (20).
Lowering of Plasma Glucose
With SGLT2 Inhibitors SGLT2 inhibitors lower the RT G , thereby decreasing the kidney's capacity to reabsorb glucose, resulting in increased UGE and reduced blood glucose concentrations (measured as A1C and fasting plasma glucose [FPG] ) (12,21). Canagliflozin has also been shown to reduce postprandial glucose excursions via two mechanisms: 1) increased UGE due to SGLT2 inhibition and 2) delayed appearance of oral glucose in plasma that is likely due to local (rather than systemic) transient intestinal SGLT1 inhibition, which ultimately provides a small contribution to overall A1C reduction (22). During the once-daily periods of drug absorption, intestinal concentrations of canagliflozin may be high enough to locally and transiently inhibit intestinal SGLT1 and thereby delay intestinal glucose absorption at the morning meal only, which could contribute to glucose lowering by a nonrenal mechanism (22).
Increased UGE with SGLT2 inhibition may provide other benefits in addition to improved glycemia, including body weight reduction due to net calorie loss (~4 kcal/g of glucose excreted) and reduced blood pressure (BP), which may be associated with a mild osmotic diuresis and reduced body weight (23). SGLT2 inhibition is expected to be associated with a low risk for hypoglycemia because the amount of UGE decreases as plasma glucose is reduced (24,25), and studies of canagliflozin have shown that RT G is reduced to above the level at which hypoglycemia occurs (15,21). Recently, SGLT2 inhibition has been shown to be associated with an increase in endogenous glucose production via increased ratio of circulating glucagon to insulin levels (26,27); in the event of hypoglycemia, this increased endogenous glucose production could provide a source for glycemic "rescue" (9).
Because SGLT2 inhibitors lower blood glucose in an insulinindependent manner, they are ■ FIGURE 1. Glucose reabsorption in the renal proximal tubule. Reprinted from Ref. 28 with permission from Macmillan Publishers Ltd., copyright 2010.
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va l e n t i n e a n d h i n n e n expected to provide glycemic improvements across a wide spectrum of patients, including those with newly diagnosed type 2 diabetes who have mildly impaired β-cell function and those with a longer duration of disease who have severely impaired β-cell function. In addition, the treatment effect of SGLT2 inhibitors is expected to persist as diabetes progresses and β-cell function declines (9). Because of their novel mechanism of action, SGLT2 inhibitors may provide additional glycemic benefit when used with other antihyperglycemic agents that have different mechanisms of action (9,28).
Implications for the Use of the SGLT2 Inhibitor Canagliflozin in Clinical Practice
In the United States, canagliflozin is indicated as an adjunct to diet and exercise to improve glycemic control in adults with type 2 diabetes (3). It is administered orally as 100-or 300-mg tablets, with a recommended starting dose of 100 mg once daily taken before the first meal of the day. Dosage can be increased to 300 mg once daily in patients who have an estimated GFR (eGFR) ≥60 mL/min/1.73 m 2 who require additional glycemic control and are tolerating this therapy well. Canagliflozin is not indicated in patients with an eGFR <45 mL/min/1.73 m 2 . The efficacy and safety of canagliflozin 100 and 300 mg have been evaluated in patients with type 2 diabetes in phase 3 studies of various regimens: as monotherapy, as dual therapy added to metformin or sulfonylurea, as triple therapy added to metformin plus sulfonylurea or metformin plus thiazolidinedione (pioglitazone), and in combination 
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va l e n t i n e a n d h i n n e n with insulin (alone or with other oral antihyperglycemic agents). Across phase 3 studies, canagliflozin 100 and 300 mg doses have improved glycemic control and reduced body weight and systolic BP (29-35). Canagliflozin has also demonstrated glycemic efficacy in older patients (aged 55-80 years) and in those with moderate renal impairment (eGFR ≥30 and <50 mL/min/1.73 m 2 ) (36,37). In addition, canagliflozin generally provided greater reductions in A1C in patients with elevated baseline A1C levels across clinical trials (29,31,32,37).
Canagliflozin is well tolerated, with a pattern of specific adverse events (AEs) likely associated with its mechanism of action (e.g., genital mycotic infections, urinary tract infections, and osmotic diuresis-related AEs). These AEs were generally mild or moderate in intensity, infrequently resulted in discontinuation of treatment (3, 38, 39) , and have also been reported with other SGLT2 inhibitors (4,8, [40] [41] [42] . In a pooled analysis of placebo-controlled studies, the incidence of urinary tract infections was slightly higher with canagliflozin 100 and 300 mg than with placebo (5.9, 4.3, and 4.0%, respectively) (3,39). Patients aged ≥75 years, those with moderate renal impairment, and those taking loop diuretics may be at an increased risk for volume depletion-related AEs (e.g., postural dizziness and hypotension), although incidence of these AEs was generally low across the canagliflozin research program (3).
The following patient vignettes illustrate how canagliflozin may be used in clinical practice. Results of phase 3 canagliflozin studies are summarized in Table 1 and at the beginning of each vignette to provide context for the outcomes described. • Increases in LDL cholesterol (PBO-subtracted changes of 4.5 and 8.0% with CANA 100 and 300 mg, respectively, in the pooled PBO-controlled studies)
• Increases in non-HDL cholesterol smaller than those in LDL cholesterol (PBO-subtracted changes of 1.5 and 3.6% with CANA 100 and 300 mg, respectively, in the pooled PBO-controlled studies)
• No notable trends in change from baseline in LDL/HDL cholesterol ratio In a clinical study of canagliflozin compared with placebo at week 26 or sitagliptin at week 52 in patients with type 2 diabetes who were being treated with background metformin, canagliflozin 100 and 300 mg significantly reduced A1C compared with placebo over 26 weeks (33) . At week 52, canagliflozin 100 mg demonstrated noninferiority, and canagliflozin 300 mg demonstrated superiority to sitagliptin in A1C lowering (from baseline A1C of 7.9% in all groups, changes were -0.73, -0.88, and -0.73% with canagliflozin 100 and 300 mg and sitagliptin, respectively). Both canagliflozin doses reduced FPG, body weight, and systolic BP compared with placebo at week 26 and sitagliptin at week 52. Canagliflozin was generally well tolerated; the overall incidence of AEs and AEs leading to discontinuation was generally similar across groups but was higher with canagliflozin 100 mg over 52 weeks. The incidence of genital mycotic infections was higher with canagliflozin than with sitagliptin, and urinary tract infection incidences were similar across treatment groups. The incidence of hypoglycemia was low and similar with canagliflozin (6.8% with both canagliflozin doses) and sitagliptin (4.1%).
In a separate phase 3 study, the efficacy and safety of canagliflozin added to metformin were compared with the sulfonylurea glimepiride (30). At week 52, canagliflozin 100 mg demonstrated noninferiority, and canagliflozin 300 mg demonstrated superiority to glimepiride (from baseline A1C of 7.8% in all groups, changes were −0.82, −0.93, and −0.81% with canagliflozin 100 and 300 mg and glimepiride, respectively). Patients in the canagliflozin groups experienced significant body weight reduction compared with a slight weight gain with glimepiride. Reductions in systolic BP were also seen with canagliflozin compared with glimepiride. The incidence of genital mycotic infections was higher with canagliflozin than with glimepiride. The incidence of urinary tract infections was slightly higher with canagliflozin than with glimepiride. The incidence of hypoglycemia was significantly lower with both canagliflozin doses compared with glimepiride.
Clinical Implications
Metformin is the standard first-line treatment option for patients with type 2 diabetes. However, many patients taking metformin alone do not achieve an A1C <7.0%. Typically, health care providers choose to add either a dipeptidyl peptidase-4 (DPP-4) inhibitor or a sulfonylurea to help patients achieve glycemic goals. Additional antihyperglycemic agents that will provide significant A1C reduction without weight gain or risk of hypoglycemia would be desirable for patients requiring add-on therapy to metformin.
These phase 3 trial data show that canagliflozin treatment in tandem with metformin provides robust A1C reductions along with weight loss compared with a DPP-4 inhibitor (sitagliptin) and a sulfonylurea (glimepiride). These results suggest that canagliflozin may provide an attractive option as an add-on to metformin therapy to support patients' glycemic goals, with the added benefit of weight loss and a low risk of hypoglycemia.
Glucagon-like peptide-1 (GLP-1) receptor agonists provide another option for glycemic management that is associated with weight loss. Although canagliflozin has not been directly compared with a GLP-1 receptor agonist, both have provided weight reductions in clinical studies. For example, in a 52-week study evaluating the effects of canagliflozin as add-on to metformin (33) , mean body weight reductions of 3.3 and 3.7 kg were observed with the 100-and 300-mg doses, respectively. Average weight loss over 52 weeks of treatment with the GLP-1 receptor agonist liraglutide 1.8 mg was reported to be 2.5 kg (43) . Although both canagliflozin and GLP-1 receptor agonists provide improved glycemic control and weight loss, the oral antihyperglycemic agent canagliflozin may be preferred by patients to an injectable GLP-1 receptor agonist.
Vignette 2: Patient on Metformin Plus Sulfonylurea

Supporting Information From Phase 3 Clinical Studies
In a phase 3 study of patients receiving metformin plus sulfonylurea, canagliflozin was associated with significant A1C reductions compared with placebo at 26 weeks (-0.85, -1.06, and -0.13% for canagliflozin 100 and 300 mg and placebo, respectively) (32). Over 52 weeks, A1C reductions with canagliflozin 100 and 300 mg were sustained, whereas a slight increase was seen with placebo (-0.74, -0.96, and 0.01%, respectively). Canagliflozin also reduced FPG and body weight over 52 weeks compared with placebo. The overall incidence of AEs across treatment groups was similar over 52 weeks. Both canagliflozin doses were associated with an increased incidence of genital mycotic infections and osmotic diuresis-related AEs, whereas the incidence of urinary tract infections was similar across groups. Canagliflozin 100 and 300 mg were associated with an increased incidence of hypoglycemia compared with placebo (33.8, 36.5, and 17.9%, respectively), and the incidence of severe hypoglycemic episodes was 0.6% across groups (32) .
In a head-to-head study of canagliflozin 300 mg compared with sitagliptin in patients receiving metformin plus sulfonylurea, canaglif lozin 300 mg demonstrated superiority to sitagliptin in A1C lowering over 52 weeks (mean changes from baseline of -1.03 and -0.66%, respectively) (31) . Canagliflozin 300 mg provided greater A1C reductions in patients with higher baseline A1C va l e n t i n e a n d h i n n e n (changes in subgroups with baseline A1C <8%: -0.57 and -0.31%; A1C ≥8 to <9%: -1.15 and -0.73%; A1C ≥9%: -1.99 and -1.44% with canagliflozin 300 mg and sitagliptin, respectively). Canagliflozin 300 mg also significantly reduced FPG, body weight, and systolic BP compared with sitagliptin. Canagliflozin 300 mg and sitagliptin were both associated with improvements in indices of β-cell function; in general, these improvements were numerically greater with canagliflozin 300 mg.
Canagliflozin 300 mg was generally well tolerated, with a safety/ tolerability profile consistent with that described above. The incidence of hypoglycemia was similar with canagliflozin 300 mg (43.2%) and sitagliptin (40.7%), despite ~0.4% greater A1C lowering with canagliflozin 300 mg compared with sitagliptin; the incidence of hypoglycemia with canagliflozin was higher than that seen in studies of canagliflozin in patients not on background therapy with a sulfonylurea (29,30,33). These findings are consistent with previous reports of increased hypoglycemia incidence with agents not inherently associated with hypoglycemia when they are used in combination with a sulfonylurea or insulin (44) (45) (46) (47) (48) .
Clinical Implications
Concomitant use of canagliflozin with metformin plus sulfonylurea background therapy provides a reduction in A1C, with additional benefits of body weight and BP reduction compared with triple therapy with the DPP-4 inhibitor sitagliptin with metformin plus sulfonylurea. Of note, despite greater A1C reduction with canagliflozin, a similar incidence of hypoglycemia was seen with canagliflozin and sitagliptin. These data show that canagliflozin may provide efficacy in triple therapy without an added risk of hypoglycemia. Furthermore, canagliflozin may provide glycemic improvements in patients across a range of baseline A1C values, with potential for greater A1C reductions in patients with an elevated baseline A1C. In patients with type 2 diabetes on insulin alone or in combination with other antihyperglycemic agents (mean insulin dose of 83 IU/day), canagliflozin 100 and 300 mg improved glycemic control and reduced body weight and systolic BP compared with placebo over 18 weeks (3, 49) . Over 52 weeks, canagliflozin 100 and 300 mg were associated with sustained reductions in A1C compared with an increase with placebo (-0.58, -0.68, and 0.13%, respectively) (50). Both canagliflozin doses also provided reductions in FPG, body weight, and systolic BP compared with placebo over 52 weeks.
Canagliflozin was generally well tolerated, with a safety/tolerability profile consistent with that described above. The incidence of hypoglycemia was higher in the canagliflozin groups than with placebo, as expected given the improved glycemic control and the background insulin therapy.
Many patients are on one or more oral antihyperglycemic agents plus insulin, and diabetes management can become increasingly difficult when the disease progresses to this stage, particularly when A1C goals have not been met. Clinicians face the challenge of knowing that increasing the insulin dose can lead to increases in weight that may perpetuate the need for further insulin dose adjustments. Canagliflozin uses a renal mechanism that is independent of insulin to provide reductions in A1C, body weight, and systolic BP; in particular, the outcome of weight loss is attractive because it may lower insulin requirements. In addition, canagliflozin is administered orally, and patients may prefer this to adding another injectable agent (e.g., a GLP-1 receptor agonist) to insulin therapy.
Conclusion
The 2013 American Association of Clinical Endocrinologists diabetes management algorithm includes SGLT2 inhibitors as a treatment option as monotherapy or as part of dual-and triple-therapy regimens because of their potential to improve glycemic control and promote weight loss and BP reduction with a low risk of hypoglycemia (51). A limitation of canagliflozin is that it does not have a well-established long-term safety profile. However, forthcoming data from longer-term clinical trials and from real-world clinical experience will be helpful in confirming the longterm safety of canagliflozin and other SGLT2 inhibitors and in determining the types of patients who may benefit most from SGLT2 inhibitor therapy.
Canagliflozin should not be used in patients with severe renal impairment (i.e., eGFR <30 mL/min/ 1.73 m 2 , end-stage renal disease, or dialysis). Patients with moderately impaired renal function (eGFR <60 mL/min/1.73 m 2 ) should be evaluated frequently for signs of worsening kidney function and hyperkalemia (3). However, results from analyses of pooled data from the canagliflozin phase 3 research program in patients across a range of baseline renal function showed that mean increases in serum potassium were small (0.6-2.8%) (52) . The frequency of potassium elevations meeting outlier criteria (i.e., greater than the upper limit of normal [5.4 mmol/L] and a >15% increase from baseline) at any time post-baseline was higher with canagliflozin 300 mg compared with canagliflozin 100 mg and placebo (6.8, 4.5, and 4.7%, respectively, in patients with baseline eGFR ≥60 mL/min/1.73 m 2 ; 9.1, 5.2, and 5.5%, respectively, in patients with baseline eGFR ≥45 and <60 mL/min/1.73 m 2 ), but potassium elevations >6.5 mmol/L were rare (52) . Small increases in magnesium and phosphate were observed with canagliflozin compared with placebo; however, the proportion of patients with outlier levels of these electrolytes was not different between groups (52). The incidence of AEs related to changes in electrolytes was low with canagliflozin and placebo (52) .
Patients with renal impairment, elderly patients, and patients taking antihypertensive medications (e.g., diuretics, ACE inhibitors, or angiotensin receptor blockers) should be monitored for signs of hypotension (3) . Patients taking canagliflozin should also be monitored for changes in LDL cholesterol because increases of 4.5 and 8.0% compared with placebo were seen with canagliflozin 100 and 300 mg, respectively, in the pooled placebo-controlled studies. All patients should be informed of the increased risk for genital mycotic infections associated with SGLT2 inhibitors (3).
The vignettes presented here highlight some potential applications for the use of canagliflozin in clinical practice, in a range of varying patient characteristics and circumstances. Canagliflozin provides reductions in A1C, body weight, and systolic BP and is generally well tolerated across a broad range of patients. Because of its unique insulin-independent mechanism of action, canagliflozin is suitable for use in combination with a variety of other antihyperglycemic agents to optimize glycemic control. Thus, canagliflozin may provide an attractive option for patients and clinicians facing the challenge of type 2 diabetes management. 
